Although fibroblast growth factor 19 (FGF19) can promote liver carcinogenesis in mice its involvement in human cancer is not well characterized. Here we report that FGF19 and its cognate receptor FGF receptor 4 (FGFR4) are coexpressed in primary human liver, lung and colon tumors and in a subset of human colon cancer cell lines. To test the importance of FGF19 for tumor growth, we developed an anti-FGF19 monoclonal antibody that selectively blocks the interaction of FGF19 with FGFR4. This antibody abolished FGF19-mediated activity in vitro and inhibited growth of colon tumor xenografts in vivo and effectively prevented hepatocellular carcinomas in FGF19 transgenic mice. The efficacy of the antibody in these models was linked to inhibition of FGF19-dependent activation of FGFR4, FRS2, ERK and b-catenin. These findings suggest that the inactivation of FGF19 could be beneficial for the treatment of colon cancer, liver cancer and other malignancies involving interaction of FGF19 and FGFR4.
Introduction
The fibroblast growth factor (FGF) family is composed of 22 structurally related polypeptides that bind to four receptor tyrosine kinases (FGFR1-4) and one kinasedeficient receptor (FGFR5) (Ornitz and Itoh, 2001; Sleeman et al., 2001; Eswarakumar et al., 2005) . FGF interactions with FGFR1-4 result in receptor homodimerization and autophosphorylation, recruitment of cytosolic adaptors such as fibroblast growth factor receptor substrate 2 (FRS2) and initiation of multiple signaling pathways (Powers et al., 2000) . FGFs and FGFRs play important roles in development and tissue repair by regulating cell proliferation, migration, chemotaxis, differentiation, morphogenesis and angiogenesis.
Amplification or overexpression of fgf2-4 and 8 is associated with the pathogenesis of leukemias and sarcomas as well as prostate, stomach, pancreas, bladder and colon cancers (Liscia et al., 1989; Huang et al., 1993; Dorkin et al., 1999; Marsh et al., 1999; Kiuru-Kuhlefelt et al., 2000; Krejci et al., 2001; Mattila et al., 2001; Ruohola et al., 2001; Shimokawa et al., 2003; Zaharieva et al., 2003; Holzmann et al., 2004) . In addition, fgfr1-4 overexpression, translocation, polymorphisms and truncations are associated with neoplastic transformation in myeloma and breast, stomach, colon, bladder and cervical cancer (Jaakkola et al., 1993; Chesi et al., 1997 Chesi et al., , 2001 Richelda et al., 1997; Xiao et al., 1998; Cappellen et al., 1999; Popovici et al., 1999; Jang et al., 2000 Jang et al., , 2001 Bange et al., 2002; Jeffers et al., 2002; Gowardhan et al., 2005) .
We previously showed that FGF19 ectopic expression in mice promotes hepatocyte proliferation, hepatocellular dysplasia and neoplasia (Nicholes et al., 2002) . To investigate FGF19 association with human cancer, we evaluated its expression in primary tumors and tested the consequence of therapeutic FGF19 neutralization in relevant tumor models. We show here that FGF19 and its cognate receptor FGFR4 are coexpressed in primary human liver, lung and colon tumors. We evaluated FGF19 binding to FGFR5 and developed an antibody to neutralize this interaction. Administration of this antibody inhibited tumor growth in two human colon cancer models and FGF19 transgenic hepatocellular carcinomas (HCCs). These findings suggest that the therapeutic inactivation of FGF19 could be beneficial for the treatment of colon and liver cancer.
Results

FGF19 and FGFR4 are expressed in human tumors
Fgf19 was overexpressed in 6 out of 10 colon adenocarcinomas ( Figure 1a ) and in 7 out of 10 lung squamous cell carcinomas (SCC) relative to normal tissues (Figure 1b ).
Compared to normal tissues, fgfr4 expression was not significantly altered in colon tumors but appeared downregulated in SCC tumors (Figures 1a and b) .
To localize fgf19 and fgfr4 expression in tumor tissues, we performed in situ hybridization. Messenger RNA for both genes was prominent in neoplastic (Figures 1c and d) . In a tissue microarray comprising 35 colon adenocarcinoma cases, 26 (74%) had positive signal for fgf19 messenger RNA (mRNA) and 27 (77%) had positive signal for fgfr4 mRNA. Of 14 lung SCC cases, 14 (100%) had weak to moderate positive signal for fgf19 mRNA and 13 (93%) had weak positive signal for fgfr4 mRNA. In addition, neoplastic epithelial cells showed strong FGF19 staining by immunohistochemistry in both colon adenocarcinomas ( Figure 1c ) and lung SCC (Figure 1d ). Because systemic FGF19 expression in transgenic mice promotes HCC (Nicholes et al., 2002) , we also evaluated fgf19 and fgfr4 mRNA expression in liver samples. Of 50 cases of HCC, 23 (46%) demonstrated positive signal for fgf19 and 30 (60%) for fgfr4. Both genes were expressed in the neoplastic hepatocytes ( Figure 1e ). The neoplastic hepatocytes also showed strong FGF19 staining by immunohistochemistry ( Figure 1e ). These results demonstrate that FGF19 and FGFR4 are expressed in several types of human cancers.
Because cirrhosis often precedes HCC, we evaluated FGF19 expression in cirrhotic liver. These samples showed strong FGF19 mRNA and protein signals in regenerative nodule hepatocytes (Figure 1f ), suggesting that FGF19 expression occurs early during liver neoplastic progression.
FGF19 and FGFR4 are expressed in human tumor cell lines and xenograft tissues To assess further FGF19 and FGFR4 association with human cancer and to identify potential preclinical models, we evaluated mRNA and protein expression in a panel of colon, breast and liver tumor cell lines. We found fgf19 expression in a subset of colon cancer cell lines, including Colo205, Colo201, SW620, HT29, HCT116 and SW480 (Figure 2a) . SNU185, SNU398, MCF7 and all colon cancer cell lines tested expressed fgfr4. With the exception of HT29, which did not express FGF19 protein, the FGF19 and FGFR4 protein levels agreed with their mRNA expression in these cell lines (Figure 2b ). The electrophoretic mobility of the secreted FGF19 was consistent with its expected molecular mass. However, we also detected several additional lower molecular mass bands possibly representing potential truncated protein.
To verify that FGF19 expression is maintained in vivo, we immunostained colon cancer cell line-derived tumor xenografts (Figure 2c ). Colo205 and Colo201 xenografts showed strong FGF19 staining in most (Sleeman et al., 2001) . In a solid-phase assay, FGF19 dose-dependent binding was restricted to FGFR4 ( Figure 3a) . In a receptor pull-down assay, FGF1 bound to all FGFRs, whereas FGF19 interaction was limited to FGFR4 ( Figure 3b ). The dissociation constant of FGF19 binding to FGFR4 determined using Scatchard analysis indicated a high-affinity interaction, with K d 0.25 nM (Figure 3c ). These results are consistent with previous findings (Ornitz et al., 1996; Xie et al., 1999) and further emphasize the unique binding specificity of FGF19 for FGFR4.
Generation of an FGF19-blocking antibody
To develop an FGF19-neutralizing agent we generated a panel of monoclonal antibodies. From this panel, three antibodies (1A1, 1A6 and 1D1) were characterized further. In enzyme-linked immunosorbent assays, 1A1 and 1A6 bound to FGF19 with a comparable EC 50 of 40 pM, whereas 1D1 bound with an EC 50 of 400 pM ( Figure 4a ). In a solid-phase receptor binding assay, 1A6 blocked FGF19 binding to FGFR4 with an IC 50 of 3 nM ( Figure 4b ). 1A1, 1D1 and an irrelevant control antibody did not inhibit this interaction. We then analysed antibody neutralization of FGF19-induced FGF pathway activation in HCC Hep3B cells (Schlessinger, 2004) . 1A6 inhibited FGF19-induced FRS2 and mitogen-activated protein kinase (MAPK) phosphorylation at all doses tested, whereas 1D1 and the control antibody did not show significant inhibitory activity ( Figure 4c ).
FGF19 plays a role in cholesterol homeostatis by repressing hepatic expression of cholesterol-7-a-hydroxylase 1 (Cyp7a1), the rate-limiting enzyme for cholesterol and bile acid synthesis (Holt et al., 2003; Yu et al., 2005) . To evaluate the FGF19 antibodies further, we examined their effect on FGF19-induced Cyp7a1 downregulation in the hepatoblastoma HEPG2 cell line. In the absence of antibody, FGF19 reduced Cyp7a1 expression by 75% (Figure 4d ). The addition of 1.1 mg/ ml 1A6 abolished FGF19 activity completely, whereas 1A1 reduced this activity only by 50% at 10 mg/ml but not at lower antibody concentrations. Treatment with a control antibody did not affect FGF19 activity. Because FGFR4 plays a role in cell migration, we evaluated the chemotactic activity of FGF19 (Wang et al., 2004; Spinola et al., 2005) . In a modified Boyden chamber assay, FGF19 promoted migration of HCT116 cells in a dose-dependent fashion, reaching a maximum at 16 ng/ml (Supplementary Figure S1 ). 1A6 inhibited FGF19-induced cell migration (Figure 4e ). At higher concentrations, 1A6 reduced cell migration to 20% below the basal level, likely by inhibiting both exogenously added and endogenously produced FGF19.
Together, these results demonstrate that 1A6 is a potent inhibitor of FGF19 activity in vitro.
1A6 epitope is localized in the FGF19-binding interface with FGFR4
To characterize further the FGF19 antibodies we localized their epitopes and evaluated whether FGF19 conformational components contribute to their binding. We first attempted to isolate an epitope-containing peptide from an FGF19 tryptic digest using an agarosecoupled 1A6 affinity matrix. This approach was unsuccessful possibly because the FGF19 fragmentation compromised the conformational integrity of 1A6 epitope. We therefore modified the procedure and bound FGF19 to the agarose-coupled antibody before FGF19 and carcinomas in humans LR Desnoyers et al trypsin digestion. Analysis of the total digest demonstrated a complete fragmentation of the adsorbed FGF19 without 1A6 masking of trypsin cleavage sites ( Figure 5a ). Bound peptides were eluted, identified by mass spectrometry and sequenced. We identified the non-specifically adsorbed peptides using an irrelevant control antibody coupled to agarose in a parallel experiment. The agarose-coupled 1A6 specifically isolated the FGF19 peptide G133-R155 (Figure 5b and Supplementary Figure S2a) . Using agarose-coupled 1A1, we specifically isolated the FGF19 peptide G156-R180 ( Figure 5c and Supplementary Figure S2b) . Because agarose conjugation of 1D1 abolished its binding to FGF19, we used a peptide competition assay to identify its epitope. Only a peptide including the nine most C-terminal FGF19 amino acids competed 1D1 binding to the solid-phase adsorbed antigen (Figure 5d ). This peptide did not compete for 1A1 binding to FGF19
(data not shown). Because overlapping peptides were used in this competition assay, we surmise that the 1D1 epitope is located in the last four FGF19 amino acids (SFEK). We mapped the antibody epitopes on the previously described structural model of FGF19 bound to FGFR4 (Harmer et al., 2004) . The epitopes of 1A1 and 1D1 are located in a distal portion of FGF19, which is not represented on this model due to its lack of ordered structure. However, the 1A6 epitope is localized in the FGF19-binding interface with FGFR4 (Figure 5e ). These results suggest that 1A6 directly occludes the receptor-binding site of FGF19. (Figure 6a ). We repeated this study with a higher dose of 1A6 (15 mg/kg; 2 Â / week) and a statistically significant suppression of tumor growth was observed (60% growth inhibition, P ¼ 0.01, n ¼ 5). To verify that 1A6 inhibited tumor growth by blocking FGF19 activity, we examined tumors at the end of the study for markers of FGFR4 signaling. Activation of FGFR4, FRS2, extracellular signalregulated kinase (ERK) and b-catenin was significantly decreased in xenograft tumors from animals treated with 1A6 compared to the control antibody (Figure 6b ). In one case, the control-treated xenograft tumor showed low pFRS2. The relative lack of FRS2 phosphorylation correlates with the small tumor size and is consistent with our hypothesis that this pathway is important for tumor growth. Next, we used xenografts of Colo201, a colon cancer cell line expressing higher FGF19 levels than HCT116 (Figure 2a ). 1A6 treatment (30 mg/kg; 2 Â /week) significantly suppressed the growth of established tumors (at day 27, 64% growth inhibition, P ¼ 0.03, n ¼ 5) compared to the control antibody (Figure 6c) . Analysis of the excised tumors showed that 1A6 significantly decreased FGFR4, FRS2, ERK and b-catenin activation compared to the control antibody (Figure 6d ). Together, these results demonstrate 1A6 anti-tumor efficacy in colon cancer models and associate its activity with inhibition of FGF19-dependent FGFR4, FRS2, ERK and b-catenin activation.
1A6 prevents hepatocellular carcinomas in FGF19 transgenic mice
We demonstrated previously that overexpression of FGF19 in the skeletal muscle results in development of HCCs by 10-12 months of age (Nicholes et al., 2002) . To confirm that FGF19 is acting as a tumor promoter in this model, we treated the FGF19 transgenic mice with a tumor initiator, diethylnitrosamine (DEN), which accelerated tumor formation by 50% (unpublished data). To determine whether 1A6 could prevent HCCs, DEN-accelerated FGF19 transgenic mice were treated with either 1A6 or control antibody (gp120) for 6 months. At the end of the treatment, all of the control-treated mice had grossly evident multifocal, large HCCs throughout the liver lobes, whereas 1A6-treated animals had either no liver tumors or, in one case (#1862), a single small tumor present on the diaphragmatic surface of the median lobe (Figure 7a ). Liver weights from 1A6-treated mice (mean ¼ 1.7170.05 g) were significantly lower than liver weights from controltreated mice (mean ¼ 3.1570.58 g; P ¼ 0.014), but were not significantly different from those of normal FVB wildtype mice (mean ¼ 1.5670.08 g; P ¼ 0.82). In addition, tumor volume was determined by micro-computed tomography (micro-CT) image analysis, corrected for tumor volume with normal FVB liver, and graphed as a percent of total liver volume (Figure 7b ). Percent tumor volume of 1A6-treated mice (mean ¼ 7.573.2%) was significantly lower than control gp120-treated mice (mean ¼ 23.876.8%; P ¼ 0.05). Furthermore, tumor weights strongly correlated with percent tumor volume (r 2 ¼ 0.993702). These data clearly demonstrate that 1A6 effectively neutralizes circulating FGF19 to prevent tumor formation in FGF19 transgenic mice.
Discussion
Systemic FGF19 expression in transgenic mice promotes hepatocellular carcinogenesis (Nicholes et al., 2002) . However, no report as yet has confirmed FGF19 in human cancer. Our results show that FGF19 is expressed in several human tumors. Neoplastic cells of colon adenocarcinoma, lung squamous cell carcinoma and HCC highly expressed FGF19. FGF19 was also detected in cirrhosis, a preneoplastic condition that often leads to liver carcinoma (Anthony, 1979; Kobayashi et al., 2006) . These data raise the possibility that FGF19 may be involved in tumor pathogenesis and, particularly for the liver, in early neoplastic progression.
Previous work suggested that FGF19 binds selectively to FGFR4 (Xie et al., 1999) . FGFR4 deregulation has been linked to cancer pathogenesis. FGFR4 truncation and cytoplasmic localization correlates with malignancy in pituitary adenomas (Qian et al., 2004) . FGFR4 expression predicts short survival in astrocytoma (Yamada et al., 2002) . A single nucleotide polymorphism at codon 388 of FGFR4 strongly correlates with the prognosis of prostate and lung adenocarcinoma, head and neck squamous cell carcinoma and soft tissue sarcoma (Morimoto et al., 2003; Streit et al., 2004; Wang et al., 2004) . Our data demonstrate that neoplastic cells of colon adenocarcinoma, lung squamous cell carcinoma and HCC often express FGFR4 in conjunction with FGF19, suggesting that their interaction may contribute to tumor progression.
The importance of FGF19 in tumor growth was further examined by generating anti-FGF19 monoclonal antibodies. Among these, 1A6 blocked the interaction of FGF19 with FGFR4. In HCC HEP3B cells, 1A6 inhibited FGF19 stimulation of FGFR4-mediated events including FGFR4, FRS2 and MAPK phosphorylation and CYP7a1 gene repression. 1A6 also effectively inhibited FGF19 chemotactic activity toward HCT116 cells.
To define how 1A6 inhibits FGF19 at the molecular level, we identified and compared the epitopes of three FGF19 antibodies. 1A1 recognized an epitope located between the amino acids 156-180, whereas 1D1 bound to the most C-terminal five residues. The regions represented by these epitopes are absent from the recently reported crystal structure of FGF19 (Harmer et al., 2004) . The 1A6-binding epitope mapped to the b12 strand of FGF19. Based on our structural model of the FGF19-FGFR4 complex, the b12 strand is located on the surface of the ligand's interface with the receptor ( Figure 6e ). Thus, 1A6 directly competes with FGFR4 for FGF19 interaction.
We then tested the anti-tumor efficacy of 1A6 in vivo using colon cancer xenograft and FGF19 transgenic HCC models. 1A6 treatment significantly reduced growth of HCT116 and Colo201 xenografts compared to a control antibody. In conjunction, 1A6 substantially reduced FGFR4, FRS2, ERK and b-catenin activation, suggesting that FGF19 plays a role in the growth of these tumors. Since FGF19 does not have a direct murine ortholog that is bound by 1A6, the anti-tumor activity of 1A6 is likely mediated by neutralization of tumor-produced FGF19. In addition, the ability of 1A6 to prevent HCCs in FGF19 transgenic mice where FGF19 is ectopically expressed in the skeletal muscle further confirms that 1A6 effectively neutralizes the oncogenic activity of FGF19.
The FGF19 transgenic hepatocellular tumors have a high frequency of b-catenin nuclear localization and activating mutations (Nicholes et al., 2002) . b-Catenin pathway deregulation promotes tumor development in several types of cancer, including colorectal adenocarcinoma and HCC. Activation of this pathway impacts neoplastic cell proliferation, epithelial mesenchymal transition, invasion and metastasis. Repression of b-catenin activation by 1A6 in colon tumor xenografts provides further evidence for a link between FGF19 and wnt pathway activity in the context of cancer.
FGF19 is potentially an attractive target for cancer therapy for several reasons. FGF19 expression in the adult is restricted to the gall bladder (Xie et al., 1999) and is specific in cancer tissues to the neoplastic cells. FGF19 binds selectively to FGFR4, which has been associated with cancer progression. Knockout mice deficient in FGFR4 or the FGF19 murine ortholog, FGF15, develop normally and do not show gross abnormalities, suggesting that inhibition of FGF19 may not have significant safety limitations . Finally, the activity of the FGF19-FGFR4 axis in colorectal and perhaps other tumors may provide useful markers for identifying patients who could benefit most from anti-FGF19 therapy. 
FGF19 and carcinomas in humans LR Desnoyers et al
Materials and methods
Gene expression
Total RNA from frozen tissue samples was extracted using RNA STAT-60 according to the manufacturer's protocol (Tel-test 'B' Inc., Friendswood, TX, USA). Total RNA from cultured cells was isolated with RNeasy kit using the manufacturer's protocol (Qiagen, Valencia, CA, USA), treated with DNAse-I (Ambion, Austin, TX, USA) and used for realtime PCR. Specific primers and fluorogenic probes for human FGF19, FGFR4 and RPL19 (Supplemental Data Table 1) were designed using Primer Express 1.1 (PE, Applied Biosystems, Foster City, CA, USA). Gene-specific signals, evaluated in triplicate, were normalized to the RPL19.
In situ hybridization 33 P-UTP-labeled sense or antisense probes corresponding to human FGFR4 (nucleotides 435-1183 of NM_022963) or FGF19 (nucleotides 495-1132 of NM_005117) were generated by PCR (Mauad et al., 1994) . Sections were processed for in situ hybridization as described previously (Jubb et al., 2006) .
Tissue microarrays were obtained from the following sources: multi-tumor TMA was made at Genentech Inc., HCC TMAs were from Pentagen (Seoul, Korea) (catalog nos. A217 and A204) or Cybrdi (Frederick, MD, USA) (catalog nos. CC03-01-003 and CC03-02-01-001).
Immunohistochemistry Formalin-fixed paraffin-embedded tissue sections were treated for antigen retrieval using Trilogy (Cell Marque, Rocklin, CA, USA) and then incubated with 10 ug/ml FGF19 antibody (1D1; Genentech Inc.). The immunostaining was accomplished using a biotinylated secondary antibody, an ABC-HRP reagent (Vector Labs, Burlingame, CA, USA) and a metalenhanced DAB colorimetric peroxydase substrate (Pierce Laboratories, Rockford, IL, USA).
Immunoprecipitation and immunoblotting
Total proteins from cultured cells were extracted on ice for 30 min in extraction buffer (20 mM Tris, pH 8, 137 mM NaCl, 1 mM ethylene glycol tetraocetic acid (EGTA), 1% Triton X-100, 10% glycerol, 1.5 mM MgCl 2 , complete protease inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN, USA)). Lysates (100 mg protein) were incubated in 1 ml PBS/0.1% Triton with agarose-coupled antibodies for 1 h at 41C, then washed with buffer and eluted with 10 ml Elution buffer (Pierce Biotechnology, Rockford, IL, USA) and analysed by immunoblot using biotinylated FGF19 antibody (BAF969; R&D Systems, Minneapolis, MN, USA), FGFR4 antibody (1G7; Genentech Inc.) and IRDye 800-conjugated secondary reagents and visualized using the Odyssey scanner (Li-Cor Biotechnology, Lincoln, NE, USA).
Solid-phase receptor binding assay Maxisorb 96-well plates were coated overnight at 41C with 50 ml of 2 mg/ml anti-human immunoglobulin Fcg fragment specific (Jackson Immunoresearch, West Grove, PA, USA) and used to capture 1 mg/ml FGFR-Fc chimeric proteins (R&D Systems). After blocking with phosphate-buffered saline (PBS)/3% bovine serum albumin (BSA), FGF19 and heparin were added and incubated 2 h (Seikagaku Corporation, Tokyo, Japan). A biotinylated FGF19-specific polyclonal antibody (BAF969; R&D Systems) followed by streptavidin-HRP and TMB was used for detection.
Receptor pull-down assay FGFR-Fc chimeric proteins (400 ng) were incubated with FGF19 or FGF1 and heparin (200 ng) in 50:50 Dulbecco's modified essential media Ham F12 containing 10 mM HEPES, pH 7.4, and 0.1% BSA for 1 h followed by Protein G-agarose (20 ml) for 30 min. The matrix was washed with PBS/0.1% Triton X-100, eluted with sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing reducing agent and analysed by western blotting using biotinylated FGF19 antibody (BAF969) or biotinylated FGF1 antibody (BAF232; R&D Systems).
Generation of FGF19 monoclonal antibodies
Balb/c mice were immunized with FGF19-His. Spleens were harvested after 8 weeks and hybridomas were generated. Selected FGF19 antibody producing hybridomas were subcloned twice to insure monoclonality. The clones were inoculated for ascites production and antibodies were purified by Protein A-agarose affinity chromatography.
Solid-phase antibody binding assay Non-specific binding sites of HisGrab nickel-coated plates (Pierce) were saturated with PBS/3% BSA, and then incubated with 1 mg/ml FGF19-His for 1 h. The plates were washed and incubated for 1 h with FGF19 antibodies in the presence or the absence of FGF19 peptides and detected using a HRPconjugated anti-mouse IgG (Jackson Immunoresearch) and the TMB peroxidase colorigenic substrate (KPL, Gaithersburg, MD, USA).
CYP7a1 expression analysis HEPG2 cells were starved overnight in serum-free media and treated with 100 ng/ml FGF19 for 6 h in the presence or absence of antibodies. CYP7a1 expression was evaluated in triplicate by semi-quantitative reverse transcription (RT)-PCR (Taqman ABI PRISM 7700, Applied Biosystems) and normalized to GAPDH expression. FGFR4/MAPK phosphorylation HEP3B cells starved overnight in serum-free media were treated with 40 ng/ml FGF19 for 10 min in the presence or the absence of antibodies. Cells were lysed in R27A buffer (Upstate, Charlottesville, VA, USA) with 10 mM NaF, 1 mM sodium orthovanadate, and Complete protease inhibitor tablet (Roche). Lysates were prepared, electrophoresed and analysed by Immunoblot using phospho-FRS2 (Santa Cruz, Santa Cruz, CA, USA), phospho-MAPK and MAPK-specific antibodies (Cell Signaling, Danvers, CA, USA).
Cell migration assay
Cell motility was measured using a modified Boyden chamber assay (Eriksson et al., 1992) . Briefly the surface of 8 mm porosity 24-well format PET membrane filters (BD Biosciences, Bedford, MA, USA) was coated overnight at 41C with 50ml of type 1 collagen (50 mg/ml; Sigma, St Louis, MO, USA) in 0.02 M acetic acid. Cells (5 Â 10 4 ) in serum-free minimal essential medium containing 0.1% BSA were added to the upper chamber. The lower chamber was filled with the same media and the plates were incubated at 371C. The next day the upper chamber was wiped with a cotton swab and the cells that migrated to the lower side of the insert were stained and counted under a microscope. Triplicate sets of data were averaged for each condition.
Antibody epitope excision FGF19 (10 mg) was incubated for 2 h in 50 mM Tris, pH 7.4 with 50 ml of agarose-coupled antibody. The resin was washed and digested with 0.1 mg trypsin (Promega, Madison, WI, USA) overnight at 371C in 100 mM ammonium bicarbonate (pH 8). The gel slurry was washed and the bound peptides were eluted with 10% trifluoroacetic acid and analysed by MALDI-TOF-MS (Voyager; Applied Biosystems). Candidate peptides were subjected to collision-induced dissociation (QSTAR) and manually sequenced to confirm the peptide mass mapping identification (Supplementary Figure S2) .
Xenograft experiments
All animal protocols were approved by an Institutional Animal Care and Use Committee. Six-to eight-week-old athymic BALB/c female mice (Charles Rivers Inc., Wilmington, MA, USA) were inoculated subcutaneously with 5 Â 10 6 cells (200 ml/mouse). After 7 days, mice bearing tumors of equivalent volumes (B100 mm 3 ) were randomized into groups (n ¼ 10) and treated intraperitoneally twice weekly. Tumors were measured with an electronic caliper (Fowler Sylvac UltraCal Mark III) and average tumor volume was calculated using the formula (W 2 Â L)/2, where W is the smaller diameter and L is the larger diameter.
FGFR4, FRS2, ERK and b-catenin phosphorylation in xenograft tumors
Tumors excised from treated animals were homogenized in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.25% sodium deoxycholate, 1 mM NaF, 1 mM sodium orthovanadate and complete protease inhibitor (Roche)). Equal amounts of proteins were incubated with 1 mgspecific FGFR4 (1G7; Genentech Inc.) or FRS2 (UpState) antibody immobilized onto Protein A-Sepharose for 2 h at 41C then washed with lysis buffer and eluted with 2 Â Laemmli buffer, boiled, and microcentrifuged. Immunoblots were done with phosphotyrosine antibody (4G10, UpState), phospho-ERK2 antibody (Santa Cruz Biotech) or N-terminally dephosphorylated b-catenin antibody (UpState). Membranes were stripped (Pierce) and reprobed with appropriate antibodies to determine total proteins.
Micro-CT imaging and analysis of hepatocellular carcinomas in FGF19 TG mice Liver tumors were identified by micro-CT imaging with Fenestra-LC (Lee et al., 1997). At 6 months of age, FGF19 transgenic mice were injected with Fenestra-LC (Advanced Research Technologies Inc., Saint-Laurent, Quebec, Canada), 20 ml/g intravenously, and a conscious 3-h hepatic uptake was allowed before mice were euthanized and livers analysed (mCT 40 system; Scanco Medical, Bassersdorf, Switzerland). Whole livers were submerged in soybean oil (Sigma-Aldrich, St Louis, MO, USA) in preparation for micro-CT imaging. Ninety-min scans were obtained at 30-mm isotropic voxel size, with 512 projections at an integration time of 300 ms, energy of 45 keV and tube current of 177 mA. Volumetric image files were analysed using image analysis software from AnalyzeDirect (Lenexa, KS, USA). An intensity threshold of À16 Houndsfield Units (HU) was used to segment the tissue mass from the background signal (soybean oil). A second threshold (26 HU) was used for functional hepatic tissue volumes that accumulated contrast. An average of the total low-intensity hepatic volumes from wild-type FVB mice was subtracted to obtain volumes associated only with tumors. Data are expressed as a percentage of tumor volume of total liver volume.
Statistical analysis
Statistical significance was analysed using the unpaired twotailed Student's t-test. Values of Po0.05 were considered significant. Data are expressed as the mean7s.e.m.
